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The possibility to develop neuromorphic computing devices able to mimic the extraordinary 
data processing capabilities of biological systems spurs the research on memristive systems. 
Memristors with additional functionalities such as robust memcapacitance can outperform 
standard memristive devices in key aspects such as power consumption or miniaturization 
possibilities. In this work, we demonstrate a giant memcapacitive response of a perovskite 
memristive nanostructured interface, using the topotactic redox ability of La0.5Sr0.5Mn0.5Co0.5O3-
δ (LSMCO, 0 ≤ δ ≤ 0.62). We demonstrate that after an electroforming process that modifies the 
LSMCO nanostructure and creates channels for easy oxygen migration in and out of the device, 
the multi-mem behaviour originates at the switchable n-p diode formed at the 
Nb:SrTiO3/LSMCO interface, where the acceptors/donors balance is dramatically changed upon 
electrically induced LSMCO oxidation and reduction. We found a memcapacitive effect 
CHIGH/CLOW  ~ 104 for the interface and > 300 for the complete Nb:SrTiO3/LSMCO/Pt device, 
which is the largest figure measured to date by at least a factor of 30. Our work opens a 
promising venue to design topotactic redox materials for disruptive nanoelectronic devices, with 
straightforward applications in neuromorphic computing technology. 
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1. Introduction 
 
Neuromorphic computing devices aim to mimic biological systems and are expected to 
dramatically improve performance and efficiency of electronic devices, enabling the 
development of advanced information technology including complex data analysis and pattern 
recognition.[1] Brain synapses can be emulated by memristors,[2,3] consisting of capacitor-like 
structures which display a reversible and non-volatile electrical resistance change upon the 
application of electrical stimulus.[4,5] Other potential applications of memristors include 
nanoelectronic memories [2] and logic gates.[6] Memristive behavior is ubiquitously found in 
transition metal oxides, including perovskite manganites.[7] Proposed memristive mechanisms 
for metal/manganite systems include the modulation of metal/insulator Schottky barriers due to 
oxygen vacancies drift-diffusion, [8-10] or the interfacial redox reaction occurring when a reactive 
electrode (Ti or Al) is used.[11-13] In the former case, the movement of a small number of oxygen 
vacancies within the manganite is usually assumed, and oxygen exchange with the environment 
is neglected.[9] Alternatively, a robust memristive effect can be anticipated for perovskites 
displaying topotactic redox ability, i.e. the capability of reversibly storing and releasing oxygen 
without structural change.[14,15] In this case, the memristive effect would rely on the electrical 
switch between oxidized and reduced phases with different electrical conductivities.[16] In this 
scenario, significant exchange of oxygen with the surrounding atmosphere can be expected. 
 
On the other hand, memcapacitance –that is the non-volatile change of a device capacitance C 
upon the application of electrical stress- is an additional functionality of memristors that has 
scarcely been explored.[17-23] Proposed mechanisms are related to the creation and annihilation 
of conducting nanofilaments,[17,18] the modulation of the Schottky barrier at metal/insulator 
interfaces,[18,19] the electrical bias-induced redox of a TiOx active layer [20] or changes in the 
oxide permittivity upon oxygen vacancies electromigration.[21,22] While applications for 
memcapacitance, including neuromorphic computing devices, have been proposed (see [24] and 
references therein), the interest in this phenomenon has been hampered by the small reported 
figures to date (CHIGH/CLOW ≤ 10).[17-23] For instance, Nielen et al. reported that associated 
capacitive networks, suitable for efficient pattern recognition, can be build from cells able to 
switch their capacitance between CHIGH and CLOW, where the array size –linked to the device 
computing capability- scales with CHIGH/CLOW ratio.[25] This evidences the high technological 
interest of novel memcapacitive systems with large response. 
 
In this paper we show that the nanostructured interface between the perovskite manganite with 
topotactic redox ability La0.5Sr0.5Mn0.5Co0.5O3-δ (LSMCO, 0 ≤ δ ≤ 0.62, p-type)[15] and Nb:SrTiO3 
(NSTO, 0.05 wt%, n-type) behaves as a switchable n-p diode with memristive and giant 
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memcapacitive behavior. Memcapacitance figures are CHIGH/CLOW ~ 104 for the NSTO/LSMCO 
interface and > 300 for the complete NSTO/LSMCO/Pt device. We show that after an 
electroforming process that modifies the LSMCO nanostructure and creates channels for easy 
oxygen migration, the observed multi-mem behavior is related to the electrical switch between 
LSMCO oxidized and reduced phases. This allows large changes in the donor/acceptor balance 
at the NSTO/LSMCO interface, tuning the diode depletion layer. The phenomena reported here 
opens a new pathway for the development of novel neuromorphic computing devices based on 
topotactic redox materials and multi-mem interfaces. 
 
2. Experimental 
Oxidized phase LSMCO thin films were grown by pulsed laser deposition (PLD) on Nb:SrTiO3 
(0.5 wt%, 001) single crystals from CrysTec GmbH Kristalltechnologie, using a KrF excimer 
laser with λ= 248nm. The growth temperature, oxygen pressure and laser fluence were fixed at 
800ºC, 0.04 mbar and 0.5 – 1J/cm2 respectively. After deposition, the oxygen pressure was 
increased to 800mbar while the films were cooled at 10°C/min. Pristine LSMCO film 
thicknesses were extracted from X-ray reflectivity (see Supplementary Information, Figure 
S1(a)) and from STEM-HAADF images and were in the range 17 – 20nm. X-ray diffraction 
characterization was performed with a PANalytical X’Pert Pro MRD diffractometer (λ = 
1.5418Å), an X’Celerator detector and a 4-angle goniometer with a crystal monochromator. The 
presence of epitaxial growth is evidenced from Bragg-Brentano scans, as shown in the 
Supplementary Information Figure S1(b). Reciprocal space maps indicate that the films are fully 
strained (see Supplementary Information, Figure S2). Atomic force microscopy (AFM) images 
were recorded with an Asylum Research MFP 3D microscope with PPP-NCHR tips from 
Windsor Scientific, with typical root mean square roughness ~ 2.7nm. Representative 
morphologies are displayed in the Supplementary Information, Figure S3. Top Pt electrodes, 
~20nm thick, were deposited by sputtering and microstructured by either FIB or optical 
lithography. A Dual Beam Helios 650 was used to acquire scanning electron microscopy images 
and prepare FIB lamellas to observe cross-sections. High resolution scanning transmission 
electron microscopy was performed using a FEI Titan G2 microscope at 300 kV with probe 
corrector and in situ EELS spectrum acquisition with a Gatan Energy Filter Tridiem 866 ERS. 
Electrical characterization was performed at room temperature with a Keithley 2612 source-
meter connected to a Suss probe station with a thermal holder. The NSTO substrate was 
grounded and used as the bottom electrode. A drop of silver paint (area ~1mm2) was deposited 
on the side of the NSTO substrate to make electrical contact. The electrical stimulus was applied 
to the top Pt electrode. Dynamic I-V curves were obtained by applying a sequence of voltage 
pulses of different amplitudes (0VMAXVMIN0, with a time-width of 1ms and a step of 
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100mV), with the current measured during the application of the pulse. Additionally, after each 
voltage pulse a small reading voltage was applied to allow the current to be measured and the 
remnant resistance state determined, obtaining the so-called hysteresis switching loops (HSLs). 
Complex impedance was measured using an AutoLab PGSTAT302N impedance analyzer at 
room temperature. A fixed AC signal of 100mV was applied, with frequencies between 10Hz 
and 1MHz. Dynamic capacitance-voltage (C-V) curves were obtained using a standard LCR 
meter by assuming a CR parallel circuit. DC voltage pulses of increasing amplitude were 
applied with a small superimposed AC signal (10kHz, amplitude 200mV) to extract the 
dynamic capacitance of the device. Between each of these pulses, a pure AC signal was applied 
to obtain the remnant capacitance value.  
3. Results and Discussion 
 
3.1. Electroforming process and memristive behavior 
 
Electrical characterization was performed on NSTO/LSMCO/Pt devices. Platinum was selected 
as the top electrode due to its high work function (5.6eV) which, in contact with the p-type 
LSMCO, gives a quasi-ohmic interface.[26] The virgin resistances of 37.5 x 103 µm2 
NSTO/LSMCO/Pt devices were ~1MΩ, and the current-voltage (I-V) curves for low stimulus, 
shown in Figure 1(a), display a rectifying behavior linked to the formation of an n-p diode at the 
NSTO / LSMCO interface. The inset of Figure 1(b) shows that the forming process is triggered 
when a -7V pulse is applied, resulting in a sudden resistance drop to ∼50Ω. After forming, 
dynamic I-V curves and hysteresis switching loops (HSL) both demonstrate the memristive 
properties of our devices, as shown in Figures 1(b) and 1(c). The device switches from a low 
resistance state (RLOW) to a high resistive state (RHIGH) (RESET process) upon the application of 
~ +5.5V, while the opposite behavior (SET process) is observed upon the application of ~ –
1.5V. From the second cycle, RHIGH and RLOW stabilize to ~1-2kΩ and ~100-300Ω, respectively, 
giving an ON/OFF ratio of ~10. Figure 2(a) shows retentivities of at least 104s for both resistive 
states, while Figure 2(b) shows an endurance test with a stable behavior for 220 cycles.  
 
Figure 1(d) shows that a “bubble” is formed at the Pt top electrode upon forming, and three 
distinct zones are identified. Zone 1 has a diameter of ~5µm and corresponds to the contact 
position of the tip. Zone 2 is a ring of higher contrast than Zone 1 (d: ~15µm) where some 
material from the film and the Pt electrode has been expelled during the forming process. Zone 
3 displays similar contrast to Zone 1. Formation of a “bubble” is usually linked to O2 gas release 
upon electroforming, [27] and suggests that the LSMCO memristive behavior is related to its 
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topotactic redox ability where oxidation (reduction) of the LSMCO lattice is associated with the 
SET (RESET) process and produces a low (high) resistance state. 
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Figure 1: (a) Representative low-stimuli current-voltage (I-V) curve recorded on a pristine 
NSTO/LSMCO/Pt device. Rectifying behavior is evident, linked to the existence of an n-p diode at the 
NSTO/LSMCO interface. Inset shows a sketch of the device electrical connection. (b) Dynamic pulsed I-
V curve recorded on an electroformed device with arrows indicating the circulation direction of the curve 
(07V-7V0, with a time-width of 1ms and a step of 100mV). The presence of hysteresis is a 
signature of memristive behavior. Inset shows that the electroforming process occurs after the application 
of a -7V pulse. (c) Experimental hysteresis switching loop (HSL, remanent resistance vs. applied voltage 
curve, in solid circles), recorded simultaneously with the dynamic I-V curve, displaying the presence of 
two well defined non-volatile resistance states. The corresponding simulated HSL is displayed with a 
solid line. (d) Scanning electron microscopy image (top-view) of a formed device. Three zones are 
identified and described in the text. 
 
This scenario is supported by experiments performed in vacuum (<1x10-2 mbar) and displayed 
in Figure 2(c). It is found that the forming process in vacuum follows the application of a -7V 
pulse. After forming, voltage ramps were applied (starting with positive voltage) and the first 
RESET event is triggered at ~+5.5V. For both the forming and first RESET processes, the 
voltages correspond with those found for devices in an air atmosphere. However, upon further 
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stimulus with negative voltage, the SET process, observed at ~ -1.5V in air atmosphere, does 
not occur in vacuum, providing evidence that environmental O2 is critical for setting the device 
to RLOW state through LSMCO oxidation. Figure 2(d) displays the normalized temperature 
dependence of both RHIGH and RLOW in air, showing a thermally activated semiconducting-like 
behavior in both cases, resembling the measurements performed on bulk oxidized and reduced 
LSMCO phases (see Suppl. Figure S4). 
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Figure 2: (a) Retention experiments corresponding to a NSTO/LSMCO/Pt device, for both RLOW and 
RHIGH states; (b) Endurance test performed by applying single voltage pulses with opposite polarities 
(±11V). A stable behavior is observed; (c) Vacuum hysteresis switching loop of a formed 
NSTO/LSMCO/Pt device. The RESET transition occurs at a voltage similar to devices measured in air, 
but the SET transition does not appear, indicating that this transition is linked to the absorption of 
environmental O2 to oxidize the LSMCO. At ~ -5V hard dielectric breakdown takes place and the 
resistance permanently drops to a few ohms; (4) Evolution of the remnant states RLOW and RHIGH as a 
function of the temperature. A semiconducting-like behavior is found for both states.  
 
The experimental memristive behavior, characterized by the HSL (Figure 1(c)), was simulated 
by adapting the voltage enhance oxygen vacancies drift (VEOV) model,[8,9,13] originally 
developed to describe oxygen vacancies electromigration for “closed” systems, to an “open” 
system that allows oxygen exchange with the environment. The simulation assumes a 1D chain 
of LSMCO nanodomains, able to accommodate different oxygen content which controls their 
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resistivity, in contact with an oxygen reservoir. Oxygen ions can drift-diffuse between the 
reservoir and LSMCO and also between neighbor LSMCO nanodomains, under the application 
of external electrical stress. The model simulates the oxygen dynamics related to the electrically 
induced LSMCO oxidation and reduction. Further details of the simulations can be found in the 
Supplementary Information. The simulated HSL is shown with a solid line in Figure 1(c) and 
matches perfectly the experimental curve, supporting the importance of the LSMCO topotactic 
redox capability in the memristive behavior. 
 
3.2. Analysis of the electroforming process at the nanoscale 
 
The forming process was further analyzed by Scanning Transmission Electron Microscopy 
(STEM) in high angular annular dark field detector (HAADF). Analysis of a pristine device 
shows a high-quality epitaxial structure, an atomically-sharp NSTO/LSMCO interface and 
confirms the absence of extended defects such as dislocations or stacking faults (Suppl. Figure 
S5). Energy-dispersive X-ray spectroscopy (EDX) quantification indicates an average LSMCO 
stoichiometry consistent with the oxidized phase.  
 
After forming, a significant change in the LSMCO nanostructure is observed. Figure 3(a) shows 
the STEM-HAADF cross-section of a formed NSTO/LSMCO/Pt device. Both the Pt electrode 
and the LSMCO films appear re-crystallized in a central zone, corresponding to Zone 1 in 
Figure 1(d). The epitaxial LSMCO structure changes to a polycrystalline arrangement of 
perovskite non-epitaxial nanograins, as displayed in Figure 3(b). This re-crystallization process 
is likely driven by to the presence of thermal self-accelerated effects[28] that follow the soft 
electrical breakdown produced by the application of high electrical field during forming. In 
addition, some of the analyzed lamellas display the presence of empty “bubbles”, surrounded by 
amorphous LSMCO, at the boundary between Zones 1 and 2. This is shown in Figure 3(c) and 
supports an electroforming mechanism involving the release of O2 gas from the lattice. The 
presence of zones with some expelled material in Zone 2 is confirmed by Figure 3(a). STEM-
HAADF images of Zone 3 (Figure 1(d)), 10µm away from the boundary with Zone 2, show the 
presence of epitaxial LSMCO, now with horizontally aligned extended defects such as 
dislocations and both stacking[29] and Ruddlesden-Popper (RP) faults, absent in the pristine 
sample (see Figure 3(d) and Supp. Fig. S6). It is suggested that grain boundaries and extended 
defects form channels with high oxygen mobility, necessary for the reversible LSMCO redox 
process linked to the memristive behavior. 
 
Fast Fourier Transforms (FFT) performed on nanograins close to the LSMCO/NSTO interface 
(Zone 1) show that they remain structurally very similar to pristine LSMCO. In contrast, the 
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nanocrystals closest to the Pt top electrode exhibited extra diffraction spots attributed to the 
presence of long-range ordered oxygen vacancies (Figures 4(a)-(c)). 
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Figure 3: (a) Cross-section STEM-HAADF corresponding to a NSTO/LSMCO/Pt formed device. A 
central re-crystallized zone is seen (Zone 1), surrounded by a zone of expelled material (Zone 2); (b) 
Enlargement of the central zone, displaying the presence of non-epitaxial LSMCO nanograins; (c) 
Enlargement of the border between the re-crystallized and expelled zones, showing the presence of an 
empty “bubble”, indicating that oxygen gas is released during the forming process (note that this image is 
from a different lamella than that shown in Figure 3(a)); (d) High resolution STEM-HAADF cross-
section of LSMCO at Zone 3, showing that epitaxy is preserved upon forming but extended defects are 
created. 
 
This is confirmed by EELS/EDS compositional studies with O ~50-55 at%, which indicates 
oxygen depletion in those surface grains. Additionally, we observe variations in the cation 
stoichiometry in the direction perpendicular to the film surface. Figure 4(d) shows EELS 
profiles for La, Co, Mn, O and Ti, indicating that the nanograins close to the NSTO substrate 
present a stoichiometry similar to the pristine compound, but those close to the top Pt electrode 
have a depleted stoichiometry of Co, Mn and O. The different surface chemical phase prevents 
deeper LSMCO from spontaneous re-oxidation, improving the retentivity of the devices. 
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Figure 4(e) summarizes in a sketch the proposed forming and memristive mechanisms.  
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Figure 4: (a), (b), (c) Fast Fourier transforms (FFT) of STEM-HAADF images recorded in Zone 1. It is 
found that LSMCO nanograins near to the interface with NSTO present a perovskite structure similar to 
the pristine sample, while the grains in the upper part of the device, close to the Pt interface, have FFTs 
with extra reflections which can be attributed to the presence of ordered oxygen vacancies; (d) EELS line 
scans performed on the LSMCO nanograins in Zone 1 show that the upper grains (close to the interface 
with Pt) present a depleted stoichiometry of Mn, Co and O; (e) Sketch of the forming, RESET and SET 
processes in the NSTO/LSMCO/Pt devices. Structural modifications of the epitaxial LSMCO films are 
produced after forming. In Zone 1 (below the tip used for electrical contact with Pt), LSMCO is re-
crystallized and non-epitaxial nanograins are formed. Some material is expelled from Zone 2. LSMCO in 
Zone 3 (~10µm away from Zone 2) retains its epitaxial character but extended defects, absent in the 
pristine film, are formed. The transition between RLOW and RHIGH is related to the oxidation and reduction 
of the NSTO/LSMCO interface. 
 
3.3. Understanding the memristive and memcapacitive mechanisms 
 
To obtain further insight into the proposed memristive mechanism, we analyzed the dynamic I-
V curves corresponding to the two resistive states by plotting the power exponent γ= 
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d(ln(I))/dln(V) as a function of V1/2.[30]  It has been shown[31-33] that this method is useful for 
identifying the presence of multiple conduction mechanisms, which often occur in 
metal/complex oxide interfaces.[34,35] Figure 5(a) shows the complex evolution of γ  vs. V1/2 for 
both RHIGH and RLOW, indicating the presence of several circuit elements with relative weights 
that change between RHIGH and RLOW.  
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Figure 5: (a) γ vs. V1/2 representation and (b) corresponding I-V curves for both the experimental (open 
symbols) and the calculated (solid line) RHIGH and RLOW states. The fits are performed by considering the 
equations derived from the proposed equivalent circuit presented in (c). For completeness, we have 
included the capacitors associated with each interfacial region in the equivalent circuit (dotted lines), 
however they can be disregarded for the I-V modeling as the characteristic times involved in these 
measurements are sufficiently long (~1 ms) to consider them in a steady state condition 
 
The equivalent circuit that correctly describes the γ  vs. V1/2 behavior is shown in Figure 5(c) 
and includes the series combination of: i) an n-p diode in parallel with a leakage channel, 
corresponding to the NSTO/ LSMCO interface and characterized by the diode inverse saturation 
Isatpn and real thermal voltage Vtpn, and the parallel resistor R1, ii) the series resistor R2 associated 
with the ohmic conduction of non-interfacial LSMCO plus the LSMCO/Pt interface, and iii) a 
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Schottky diode linked to the external Ag/NSTO contact, characterized by the parameters Isatsch 
and Vtsch. The experimental I-V curves were fitted by numerically solving the implicit I-V 
equations of the circuit, and all circuit parameters were extracted and listed in Table 1. Further 
details of this procedure can be found on the Supplementary Information. Figure 5(b) shows the 
excellent fits of the experimental I-V curves for both RHIGH and RLOW states. The quality of the 
fits can also be seen in the γ  vs. V1/2 curves (see Figure 5(a)) where their shape is well 
described, besides small deviations at low voltages attributed to the presence of small 
thermoelectric voltages. The fittings indicate that the transition between RHIGH and RLOW is 
dominated by the metallization of the LSMCO/NSTO interface, reflected in the increase of the 
n-p diode inverse saturation Isatpn and the decrease of the leakage resistance R1. A reduction of 
the R2 resistance is also observed, indicating the creation of a conducting channel through 
LSMCO, with a small contribution to the overall resistance change. As expected, the Ag/NSTO 
Schottky diode parameters remain unchanged.  
 
 
R
1
[Ω] R
2
[Ω] V
tpn
[V] I
satpn
[µA] V
tsch
[V] I
satsch
[mA]
RHIGH 270 23 0.15 2.5 0.60 51
RLOW 110 1 0.24 5.6 0.57 50
 
 
Table 1: Fitting parameters for the I-V curves obtained after numerically solving the I-V relationship (see 
Supplementary Information) derived from the equivalent circuit model shown in Figure 5(c), both for 
RHIGH and RLOW states. The majority of the memristive change can be attributed to the metallization of the 
LSMCO/NSTO interface. The uncertainties of the fitted parameters are around 10 %. 
 
Impedance spectroscopy was performed to further investigate the memristive mechanism, and 
Figures 6(a) and (b) display the Cole-Cole plots for both RHIGH and RLOW respectively. While 
RLOW shows a full semicircle, only a partial semicircle is recorded for RHIGH. The equivalent 
circuit that allows a good fit of the RLOW state is shown in Figure 6(e). The same equivalent 
circuit was used to simulate the RHIGH spectrum. The fitted values for the circuit elements are 
shown in Table 2. We attribute the R*3//C*3 elements to the LSMCO/Pt interface, R*1//C*1 to the 
NSTO/LSMCO interface, and the series resistance R*2 includes the non-interfacial LSMCO plus 
the contribution of the Ag/NSTO interface. We note that R2 in Figure 5(c) includes both R*2 and 
R*3 of the AC equivalent circuit of Figure 6(e) and that the n-p diode AC contribution is 
included in R1*. It is observed that R*3 does not significantly change between RHIGH and RLOW, 
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confirming that LSMCO/Pt is a non-memristive interface. In contrast, the NSTO/LSMCO 
interface substantially changes its resistance between RLOW and RHIGH, as R*1 goes from ~10 Ω to 
~500 Ω, respectively. Concurrently, R*2 displays a smaller change between ~20 Ω and ~90 Ω 
due to the reduction of the LSMCO lattice that leads to a decrease of holes for the p-type 
conduction. These results confirm that the memristive behavior is dominated by changes at the 
diode interface. 
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Figure 6: (a), (b) Impedance spectroscopy spectra recorded for both RLOW and RHIGH states respectively. 
The experimental points are shown with open symbols, while the fittings are shown with solid lines; (c), 
(d) Dynamic and remnant capacitance-voltage (C-V) curves recorded both for the oxidized 
(corresponding to RLOW) and reduced (corresponding to RHIGH) LSMCO states. The stimuli protocols are 
described in the Experimental section; (e) Equivalent AC circuit proposed to model the experimental 
impedance spectroscopy data. 
 
The topotactic redox process occurring at the interface leads to remarkable behavior due to the 
biggest memcapacitive response reported to date.[17-23] While the capacitance C*3 of the 
LSMCO/Pt interface (~10-9 F) displays a marginal change during switching, we observe a large 
change in the diode capacitance C*1, from C*1OX ~ 3x10-8 F for RLOW to C*1RED ~ 1x10-12 F for 
RHIGH, which is a giant memcapacitive effect with a C*1OX/C*1RED ratio of ~104. The impact of the 
C*1 variation on the overall capacitance of the device (LSMCO/Pt interface in series with the 
diode interface), was determined with dynamic and remnant C-V curves on devices prepared in 
both RHIGH and RLOW states (Figures 6(c) and (d)). A significant difference in the dynamic C-V 
curves between COX and CRED states is observed. The negative capacitance found for CRED for 
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positive voltages is attributed to the non-monotonic or positive-valued behaviour of the time-
derivative of the transient current in response to a small voltage step.[36] The remnant 
measurements values for COX and CRED, of 2x10-9 F and 6x10-12 F respectively, demonstrates the 
ability of this device to reversibly change its capacitance between two non-volatile states with a 
COX/CRED ratio > 300. This is the largest figure measured to date by at least a factor of 30.[17-23] 
 
 
R*1 [Ω] C*1 [F] R*2 [Ω] R*3 [Ω] C*3 [F]
RHIGH 500 1.5E-12 90 18 5.9E-9
RLOW 10 34E-9 17 21 2.9E-9
 
Table 2: Fitting parameters obtained from modeling the impedance spectroscopy spectra of Figure 6, for 
both RHIGH and RLOW states, assuming the equivalent circuit displayed in the same figure. The 
NSTO/LSMCO interface (diode) displays both memristive and memcapacitive effects. The uncertainties 
of the fitted parameters are around 10 %. 
 
The donors density NDNSTO at Nb:STO (0.5wt%) is ~5x1018cm-3,[37] while the acceptors density 
NAOX for the oxidized phase, assuming ~0.5 holes/f.u., is ~1x1022 cm-3. This value is in 
agreement with NA values reported for La-Ca and La-Sr manganites.[38] From the latter we have 
NAOX>> NDNSTO for the oxidized junction, indicating that the diode depletion layer is localized at 
NSTO, giving the following expression for the junction capacitance per unit area CjOX: 
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where q is the electronic charge, V0OX is the oxidized diode built-in potential, V is the applied 
bias and εNSTO is the NSTO permittivity. For the reduced phase (δ~0.6), each oxygen vacancy 
leaves two electrons behind (1.2 electrons/f.u.). Some of these electrons, with density NDOV, will 
recombine with holes and the rest will remain localized.[39] We notice that NDOV ~ NAOX and 
therefore the acceptor density for the reduced phase, given by NARED= NAOX - NDOV, should be 
drastically reduced with respect to NAOX. If we assume that NARED << NDNSTO, the reduced 
junction depletion layer would be localized at LSMCO, with the junction capacitance per unit 
area Cj,RED given by: 
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where εLSMCO and V0RED are the LSMCO permittivity and the built-in potential of the reduced 
junction. If we divide both sides of equations (1) and (2) and neglect differences between V0OX 
and V0RED and between εNSTO and εLSMCO, we get CjOX/CjRED ~ (NAOX /NARED)1/2. From this relation, 
a value of CjOX/CjRED ~ 104 (as the obtained C1OX/C1RED ratio from IS) implies, as a rough 
estimation, that NARED ~ 1010 cm-3, consistently with our previous assumption of NARED << NAOX, 
NDNSTO. We therefore correlate the giant capacitance change at the diode with the topotactic 
redox ability of LSMCO, which allows large changes of the number of LSMCO charge carriers 
at the interface with NSTO. 
 
4.  Conclusions 
 
Based on our measurements and observations, we propose the following scenario for the 
electrical behavior of NSTO/LSMCO/Pt devices. Upon the application of negative stimulus to 
the top Pt electrode, electrical current flows through a highly resistive path until soft-dielectric 
breakdown takes place via the formation of extended defects. Heating effects activate a self-
accelerated re-crystallization process at the LSCMO layer below the landing zone of the 
electrical tip contacting Pt, where most of the electrical current is concentrated. Upon forming, 
LSCMO nanograins are formed, O2 is released and some material is expelled from the area 
around this central zone. The in situ creation of nanograin boundaries and extended defects 
allows the post-forming easy migration of oxygen into and out of the device. Our 
characterization indicates that memresistance and memcapacitance take place at the 
NSTO/LSMCO interface, where a switchable n-p diode is formed. An oxidized interface leads 
to a RLOW state with a thinner depletion layer and larger capacitance, and a reduced interface 
results in a RHIGH state with thicker depletion layer and lower capacitance. The key factor for 
this behavior is the topotactic redox ability of LSMCO, which tolerates large changes in the 
donor/acceptor balance at the diode interface, due to the substantial difference in oxygen content 
between oxidized and reduced LSMCO phases. The giant memcapacitance measured on our 
devices is ~2900% larger than all similar effects reported to date, proving the potential of multi-
mem interfaces based on topotactic redox oxides for disruptive neuromorphic computing 
devices.   
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Supplementary Figure S1: (a) X-ray reflectivity measurement of as-grown LSCMO/NSTO. A 
thin film thickness of ∼20nm was extracted by modeling the experimental data; (b) Bragg-
Brentano X-ray diffraction pattern of as-grown epitaxial LSMCO/NSTO showing only (00l) 
diffraction peaks. 
  
 
Supplementary Figure S2: X-ray reciprocal space map recorded for an as-grown LSCMO thin 
film around the non-specular (103) reflection. This confirms the thin films are fully strained, as 
the reflections of both the substrate and the film are aligned in Qx, the in-plane (parallel) 
projection of the reciprocal lattice vector. 
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Supplementary Figure S3: Atomic force microscopy images (5x5 and 2x2µm2 scans) 
corresponding to an as-grown LSCMO thin film. The root mean square (RMS) roughness was 
estimated in 2.7nm. 
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Supplementary Figure S4: 4-points conductivity as a function of the temperature for bulk 
(ceramic) oxidized and reduced LSCMO. Conductivity values of the reduced phase might be 
underestimated due to the formation of cracks during the reducing annealing. 
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Supplementary Figure S5: (a) STEM-HAADF image of a pristine NSTO/LSCMO thin film. The 
presence of a well defined, sharp interface is evident; (b-up) Electron energy loss spectroscopy 
(EELS) line-scan measured on the same sample;  (b-low) Oxygen quantification obtained from 
an electron energy loss spectroscopy (EELS) line scan, indicating a relative slight oxygen 
excess in the LSCMO zone close to both the interface with the NSTO substrate and the surface. 
This correlates with the geometrical phase analysis (GPA) of the HAADF images, shown in (c) 
and (d), which show the presence of negative strain in LSCMO respect to the STO cell in the 
central part of the film (Eyy<0), while there is a small cell dilatation (positive strain, Eyy>0) on 
both the interface with NSTO and the surface.  
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Supplementary Figure S6: Defect  analysis, showing the shift of La-Sr and Mn-Co (M) 
columns. Red line corresponds to atomic intensity of a defective column and black line to 
atomic intensity of a non-defective column. In the analysis metals appear near the same column 
of La-Sr (when originally have to be ½ unit cell displaced) and La-Sr shift ½ unit cell in a 
mixed stacking fault and RP defect. These defects are likely at the origin of cracks and material 
ejection after electroforming. 
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Hysteresis Switching Loop simulation 
 
To simulate the experimental hysteresis switching loops (HSL), linked to the 
La0.5Sr0.5Mn0.5Co0.5O3-δ (LSCMO) topotactic redox ability, we have assumed a 1D chain of 
LSCMO nanodomains, able to oxidize and reduce by capturing or releasing oxygen ions. The 
domain located at one extreme of the chain is in contact with an oxygen reservoir, which can 
inject or remove oxygen ions from the LSCMO nanodomains chain. Oxygen ions are also able 
to electromigrate between adjacent LSCMO nanodomains. 
For each LSCMO domain, we propose a simple linear relation between the local oxygen 
vacancies concentration and its resistivity (see Refs. [9, 13] in the main text): 
 
 
 
where Ai is a proportionality factor, taking values ~ 6-8 a.u.. A completely oxidized (reduced) 
nanodomain will present ηiMIN ~ 2x10-5 a.u. (ηiMAX ~ 1x10-4 a.u.).  
The probability of migration from domain i to a nearest- neighbor site j is: 
 
 
 
where V0 is the activation energy for vacancies diffusion and ∆Vi accounts for the voltage drop 
at each domain linked to the applied external stimuli. 
 
We compute ∆Vi=Vi+1-Vi with the local voltage Vi=Iρi. 
 
At each simulation time step, a given external voltage V (t) is applied to the resistive chain. The 
current through the system is computed as I(t)=V(t)/R, with R being the series combination of 
all nanodomains resistivities. 
 
Note that in the experimental HSL (Figure 1(c)), there are marked changes in the rate of the 
resistive change during both RESET and SET. The RESET process happens in two-steps, each of 
them presenting a steep resistance increase. The SET process is softer, but there is still a 
noticeable change in the resistance change velocity above certain voltage threshold. This is an 
indication of complex reaction kinetics. These features could be reproduced in the simulation 
by allowing an increase of the LSCMO activation energies (from V0=19 a.u. to V0=28 a.u.) above 
certain vacancies concentration thresholds. Under this assumption, the simulated HSL 
corresponds well with the experimental one. 
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I-V curves modeling 
 
A proper way to graphically analyze the I–V curves consists of plotting the power exponent γ= 
d(ln(I))/dln(V) vs. V1/2. This method is particularly useful for systems presenting coexisting 
conducting mechanisms, represented by complex equivalent circuits [28-30]. From Figure 5(a), 
it is found that for both RHIGH and RLOW γ is initially close to 1 for small voltages (ohmic 
behavior, parallel resistor), increases with a quadratic-like shape (n-p diode) and displays a cusp 
for higher voltages, indicating the presence of a current-limiting circuit element (series resistor). 
The cusp is shifted to higher voltages and lower γ values for the RLOW curve indicating the 
reduction of the non-linear behavior as a consequence of a conductivity increase of both ohmic 
elements. Finally, for the highest voltages explored, γ decreases monotonically to values close 
to 0 (i.e. to a voltage-independent current) 
The equivalent circuit model that describes the electrical behavior is shown below, and is 
represented by the following equations: 
 
 
   ,  
with the  Schottky diode in inverse,    
 and   
 
where    is the inverse saturation current of 
the Schottky diode ( being the Schottky barrier, A* the 
Richardsson constant),  and , with ε the real part of 
the static dielectric constant and d, a relevant distance where most of the voltage VtSch drops.  
As    , then by replacing  , 
, 
where Isatpn is the saturation current and Vtpn the thermal voltage of the p-n diode. 
This implicit I-V relation is solved numerically in order to fit the experimental I-V curve by 
determining R1, R2, Isatpn, Vtpn, IsatSch and VtSch. The interpretation of the fittings is discussed at 
the manuscript main text. It can be also mentioned that the obtained Isatsch (~ 50 mA) match very 
well with the calculated value for a Ag/NSTO Schottky diode of the experimental area of 1 mm2 
used for these contacts (considering a Richardson constant A*= 156 Acm-2K-2; the work 
function of Ag, WAg= 4.3 eV ; and the electron affinity of NSTO, XNSTO= 3.9 eV). 
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